The emergence of quasiparticles in interacting matter represents one of the cornerstones of modern physics. However, in the vicinity of a quantum critical point, the existence of quasiparticles comes under question. Here, we created Bose polarons near quantum criticality by immersing atomic impurities in a Bose-Einstein condensate (BEC) with near-resonant interactions. Using radiofrequency spectroscopy, we probed the energy, spectral width, and short-range correlations of the impurities as a function of temperature. Far below the superfluid critical temperature, the impurities formed well-defined quasiparticles. Their inverse lifetime, given by their spectral width, increased linearly with temperature at the so-called Planckian scale, consistent with quantum critical behavior. Close to the BEC critical temperature, the spectral width exceeded the impurity's binding energy, signaling a breakdown of the quasiparticle picture.
A great success of quantum many-body physics is the description of a large variety of strongly interacting systems by a collection of weakly interacting quasiparticles (1) . A paradigmatic example of such a quasiparticle is an electron propagating through an ionic crystal. As anticipated by Landau (2), Pekar found that the electron can create its own bound state by polarizing its environment (3, 4) ; the electron dressed by lattice distortions forms a quasiparticle, which he named the polaron. The polaron concept (5, 6) finds wide application across condensed matter physics in phenomena ranging from colossal magnetoresistance, to charge transport in organic semiconductors, to high-temperature superconductivity (7) . However, near quantum phase transitions, where different phases of matter compete, the quasiparticle concept may break down (8) . In such a quantum critical regime, where the temperature (T ) sets the only energy scale, all relaxation times become as short as allowed by quantum mechanics, i.e., on the order of the Planckian time scale ħ/k B T, where ħ is Planck's constant and k B is Boltzmann's constant. The ensuing breakdown of well-defined quasiparticles appears to be at work in the "strange metal" regime of cuprate superconductors, where resistivity is found to scale linearly with temperature and at the Planckian scale (9, 10) .
Ultracold quantum gases provide an ideal testing ground to study the fate of quasiparticles near quantum critical points. Species composition and densities, interaction strengths, and confining geometries can be precisely controlled (11) . Quantum gases close to Feshbach resonances have been shown to be controlled by quantum critical points at zero temperature, separating the vacuum of a given species from the phase at finite density (8, (12) (13) (14) (15) (16) .
These points control the behavior of the gas in the quantum-critical region at nonzero temperature (8) . The immersion of dilute impurities into a gas of another species with resonant mutual interactions thus places the mixture in direct vicinity of the quantum critical point separating the impurity vacuum from the phase at finite impurity density (13) . In addition, the impurities can serve as a sensor of quantum and classical critical behavior of the host gas itself (17) . The dressing of resonant impurities into quasiparticles in a cold-atom environment was first observed in the case of the Fermi polaron (18) (19) (20) (21) (22) (23) (24) , an atomic impurity embedded in a Fermi sea (25) (26) (27) (28) . Impurities dressed by a Bose-Einstein condensate (BEC) have been posited to form the paradigmatic Bose polarons originally considered by Pekar (29) (30) (31) . Predicting the Bose polaron's fate upon entering the regime of strong impurityboson interactions has proven a challenge even at zero temperature, yielding diverging results on its properties from the ground-state energy to the effective mass (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . The complexity of describing the strongly coupled Bose polaron increases further at nonzero temperatures (41, 42) . Even for weak interactions, the decay rate of polarons has been predicted to be strongly enhanced with increasing temperature, achieving its maximal value near the BEC transition temperature of the host gas (41) . Near resonance, in the quantum critical regime of the boson-impurity mixture, the very existence of a well-defined quasiparticle is in question (8, 13, 15, 16) . Experimentally, evidence of Bose polaronic phenomena was observed in the expansion (43) and trapping (44) of fermions immersed in a BEC, through the phononic Lamb shift (45) , and in the dynamics of impurities (46) . The continuum of excited states of impurities was probed in radiofrequency (rf) injection spectroscopy (16) on Bose-Fermi mixtures (47, 48) and in a two-state mixture of bosons (49) , yielding evidence for polaronic energy shifts of such excitations.
Here, we created and studied the strongly coupled Bose polaron in equilibrium by immersing fermionic impurities into a Bose gas near an interspecies Feshbach resonance and explored the impurity's evolution in the quantum critical regime of the Bose-Fermi mixture, including the onset of quantum degeneracy of the bosonic bath. The experiment started with an ultracold gas of fermionic 40 K atoms immersed in a BEC of 23 Na (43) at a temperature T ≈ 130 nK. Both species were trapped in an optical dipole trap as ellipsoidal atom clouds in their respective hyperfine ground states: |F = 1, m F = 1i for 23 Na and |9/2, -9/2i ≡ |↓i for 40 K. Peak boson and fermion densities were n Na = 6 × 10 13 cm -3 and n K = 2 × 10 11 cm -3
, respectively, corresponding to an impurity concentration of 0.3%. The BEC was weakly interacting, with an interboson scattering length of a BB = 52a 0 (50) . To create strongly coupled Bose polarons in their attractive ground state, we ramped the magnetic field close to an interspecies Feshbach resonance (43, 16) , where impurities in the |↓i state were strongly attracted to the sodium atoms with a peak interaction strength of (k n a)
is the inverse interboson distance, a is the interspecies scattering length, and a 0 is the Bohr radius. For these near-resonant interactions, the thermal equilibration time set by two-body collisions was near its unitarity-limited value of ℏ En ≈ 4 ms, three orders of magnitude faster than the lifetime of the gas mixture in this regime, limited by three-body losses to~4 ms. Here, E n ¼ ℏ 2 k 2 n =4m r is the degeneracy energy scale and m r = m K m Na /(m K + m Na ) is the reduced mass of the impurity-boson scattering problem. By preparing the strongly interacting system within 2 ms, we could study Bose polarons in equilibrium before losses became dominant. At the chosen magnetic field, impurities in the |↓i state were strongly interacting with the condensate, whereas they were noninteracting in the hyperfine state |9/2,-7/2i ≡ |↑i. This provided us with the ideal conditions to perform rf ejection spectroscopy, whereby an rf pulse transfers impurities from the interacting |↓i state into the noninteracting |↑i state. We used an rf pulse of Gaussian envelope with a full-width-half-maximum resolution of 6 kHz and measured the fraction of impurities I(w) transferred into the |↑i state. Figure 1 displays the locally resolved rf spectrum of strongly coupled Bose polarons. As shown in Fig. 1D , the rf transfer I(w) is strongly spatially dependent, and its maximum is shifted furthest from the bare atomic resonance for impurities deep inside the BEC (Fig. 1B) . Here, the rf photon must supply a large additional amount of energy to transfer the bound impurity into the noninteracting state. The central peak shift in Fig. 1C corresponds to an energy shift of h·32 kHz = 0.82 E n , indicating an impurity energy that is unitarity limited, given by the degeneracy energy scale E n . For comparison, the mean-field energy experienced by bosons in the BEC is only ≈h·0.8 kHz. In addition to the strong shift, we also observed long tails at higher frequencies in the rf transfer, a telltale sign of contact interactions (51) (52) (53) .
Interpreting the spatially resolved spectrum under the assumption of the local density approximation (16, 54) gives access to the rf spectrum of the impurity as a function of the condensate's local chemical potential m(z) = m 0 -V Na (z). Here, m 0 = 4pħ 2 a BB n Na /m Na is the condensate's chemical potential at its peak density, and V Na (z) is the radially centered trapping potential along the axial direction. Figure 2A shows the rf spectrum as a function of bm(z), the chemical potential normalized by b = 1/k B T. The interaction parameter (k n a) -1 also varies with the local density n Na (z) as indicated. A strong shift of the rf transfer for positive chemical potentials is clearly visible. Figure 2B shows a selection of spectra, indicating the temperature T normalized by the local critical temperature T C ðzÞ ¼ 3:31 ℏ 2 kBmNa ½n Na ðzÞ 2=3 for a homogeneous gas. The absolute frequency of the spectral peak continuously decreases with higher reduced temperatures (left panel). However, when normalized by the degeneracy energy scale E n , the spectral peak frequency in fact increases, indicating a more strongly bound impurity with increasing temperatures up to the critical temperature T C (right panel). This finding is summarized in Fig. 3A , where the peak frequency shift w p is interpreted as the groundstate energy E p = -ħw p of the Bose polaron (16) . Stronger binding of the impurity to the bosonic bath with increasing temperature has been predicted (42) . Additionally, a broadening of the spectral function underlying the rf spectrum may contribute to the observed shift (24) . Above T C , the peak energy shift suddenly jumps to zero, despite the near-unitaritylimited interactions. This behavior is expected when the temperature exceeds the energy difference between the attractive and repulsive branches of the resonantly interacting impurity, which occurs near the onset of quantum degeneracy (55, 56) . A similar jump in binding energy was recently observed for an impurity resonantly interacting with a nearly degenerate Fermi gas (24) . At weaker attractive interaction, we observed that the Bose polaron is less strongly bound to the bath, as expected (32, 57) (see Fig. 3A ).
In the strongly interacting regime where |k n a| ≫ 1, our measurements probed a regime where the binding energy is much larger than the condensate's local mean-field energy. In this regime, a universal description for the Bose polaron at low temperatures emerges from a lowest order T-matrix and an equivalent variational approach (16, 32, 57): here, the impurity acquires an energy shift that is the sum of the individual and uncorrelated shifts from each host boson:
where f(ik) = -a 1 À ka is the two-body scattering amplitude evaluated at imaginary momentum ik, as appropriate for a bound state. The equation implicitly gives E p , whose natural energy scale is confirmed as the degeneracy energy scale E n for an effective particle of reduced mass m r and density n Na . In this scenario, E p / E n is a universal function of (k n a) -1 only. For weak attractive impurity-boson interactions [(k n a) -1 ≪ -1], one finds the mean-field result E p = 2pħ 2 n Na a/m r , whereas on the molecular side of the Feshbach resonance in the limit (k n a) -1 ≫ 1, the polaron energy becomes equal to the energy of a two-body molecule of size a, E p ¼ À ℏ 2 2mra 2 . On resonance, the approach yields E p /E n = -0.71, which is similar to the result for the unitary Fermi polaron, E p /E n = -0.61 (25, 58) . The Bose polaron is more strongly bound than its fermionic counterpart owing to the lack of constraints imposed by Pauli exclusion (16) . The polaron energies according to the T-matrix approach for T = 0 are indicated as open diamonds in Fig. 3A . A linear extrapolation to zero temperature of our strong-coupling binding energy data appears to agree well with this theory. Alternatively, assuming the increase in binding strength with temperature results from coupling to the BEC's finite temperature phonon bath, one may attempt a T 4 fit to the data (41) . Both the linear and quartic extrapolations exclude a simple mean-field prediction that yields E p /E n = -1.4 for (k n a) -1 = -0.3. The binding energy alone does not reveal whether the impurities in the bosonic bath form well-defined quasiparticles. This requires knowledge of the impurities' spectral width, a measure of the quasiparticle's decay rate (18, 24, 59, 60) . Generally, the width of an rf spectrum corresponds to the rate at which the coherent evolution of an atomic spin is interrupted during the rf pulse. For quasiparticles, it is momentum-changing collisions with host bosons that cause such decoherence, the same process that limits the quasiparticle's lifetime. The rf spectral width thus directly measures the inverse lifetime of the quasiparticles (18, 24, 59, 60) . Figure 3B shows that the strong-coupling impurity's spectral width follows a linear dependence with temperature, and quite substantially at the Planckian scale: half-width at half-maximum (G) = 8.1(5) k B T/ħ. Observing decay rates at this scale is consistent with quantum critical behavior (8) . The observed linear trend suggests a well-defined quasiparticle with vanishing spectral width in the limit of zero temperature. However, near T C , the rf spectral width increases substantially beyond the measured binding energy E p , signaling a breakdown of the quasiparticle picture. We attribute both the linear temperature dependence at the Planck scale k B T/ħ and the quasiparticle breakdown to the proximity of the Bose-Fermi mixture's quantum multicritical points (13, 16) : the impurity gas is close to the quantum phase transition between the vacuum of impurities, n K = 0, and the phase at nonzero impurity density, n K > 0; interactions are tuned near the resonant point (k n a) -1 → 0; and the host boson gas traverses its own quantum critical regime near the onset of quantum degeneracy at m B → 0. Here, because only one relevant energy scale remains [k B T ≈ k B T C ≈ 0.55E n (61)], the spectral width also scales as E n /ħ and no quasiparticles are predicted to persist (8, 12) . In this regime, the impurities have the shortest mean-free path possible with contact interactions, i.e., one interboson distance. For all temperatures T < T C , the scattering rate at the Planckian scale naturally emerges, assuming polarons scatter with thermal excitations of the saturated Bose gas, at density n th ∼ 1=l where s~a 2 , the above relation for G yields a nonuniversal rate G º a 2 T 2 (16, 41) . Experimentally, the spectral width drops rapidly for the weaker interaction strengths probed here, down to our resolution limit, prohibiting us from discerning the scaling with temperature (see Fig. 3B ).
Spectra obtained by rf ejection spectroscopy encode the wavefunction overlap between the interacting, dressed impurity and a noninteracting state. As such, they not only contain information about the binding energy and lifetime of the impurity, but also about the short-range correlations between the impurity and the surrounding medium. Indeed, the final state of an ejection spectrum at high rf frequencies is a free impurity with large momentum ħk. Therefore, high frequencies in ejection spectroscopy probe the initial wavefunction at short distances (51, 52, 62, 63) . This leads to characteristic tails ºw -3/2 of the rf spectra, reflecting the two-body nature of the wavefunction at short distances. The strength of the rf transfer is directly proportional to the contact C, a thermodynamic quantity of the many-body system describing the probability that the impurity is in close vicinity to the host bosons. Through the Hellmann-Feynman theorem, the contact is also equal to the change in energy with the inverse impurityboson scattering length:
ÀEp En (51, 52, 63, 64) . The high-frequency tail of the rf transfer I(w) can be written as follows (62) :
where s is the Gaussian e -1/2 width of the rf pulse's duration and W P the peak Rabi frequency (16) . Our spectra follow this behavior closely: when multiplied by w 3/2 , they asymptote to plateaus that yield the contact's value, shown for (k n a) -1 = -1 in Fig. 4A and (k n a) Fig. 4B , respectively. Figure 4C summarizes our measurements of the contact, normalized by k n , as a function of T/T C for various interaction strengths. From weak to strong attractive interactions, the contact increases monotonically. For the strongest interaction strength, the normalized contact remains approximately constant for all values T/T C < 1. An abrupt drop of the normalized contact is seen above the BEC transition temperature, although it remains nonzero. This is expected for a Boltzmann gas with unitaritylimited interactions that has a nonzero contact given by the inverse mean-free path, ns º 1/T. Therefore, C/k n decreases as T C /T in the nondegenerate regime (24, 56) . The lowtemperature value of the normalized contact is close to what one finds for the unitary Fermi polaron [C/k n = 4.3 (24) ], the balanced unitary Fermi gas (65) (66) (67) , and the near-unitary BEC (68) . Using the variational ansatz for the Bose polaron's energy (see Eq. 1), we obtain an expression for the normalized contact: and s ≪ |a|. The measured nearunity value of C/4p in units of the interboson spacing thus indicates that even for nearunitarity-limited interactions, on average, only about one extra boson is in close proximity to the impurity. In this respect, the resonant Bose polaron shares traits with a molecular dimer of a size given by the interboson distance. Within the variational description, the localized part of the polaron's wavefunction is of identical form to that of a molecule and, away from resonance where a > 0, the polaron smoothly evolves into a molecule of size a (16, 32, 57) .
For future studies, it will be interesting to probe transport properties of the impurities and specifically investigate whether their resistivity scales linearly with temperature, in analogy to findings in the strange metal phase of the cuprates (9) . Furthermore, increasing the impurity concentration might allow the formation of bipolarons (69) and the observation of phonon-induced superfluidity (70, 71) .
